Thermal transport is less appreciated in probing quantum materials in comparison to electrical transport. This article aims to show the pivotal role that thermal transport may play in understanding quantum materials: the longitudinal thermal transport reflects the itinerant quasiparticles even in an electrical insulating phase, while the transverse thermal transport such as thermal Hall and Nernst effect are tightly linked to nontrivial topology. We discuss three types of examples: quantum spin liquids where thermal transport identifies its existence, superconductors where thermal transport reveals the superconducting gap structure, and topological Weyl semimetals where anomalous Nernst effect is a consequence of nontrivial Berry curvature. We conclude with an outlook of the unique insights thermal transport may offer to probe a much broader category of quantum phenomena.
Introduction
Quantum materials encompass a broad category of condensed matter phases that emergent quantum phenomena play a decisive role in materials properties of interest (1), such as conventional and unconventional superconductors (2) (3) (4) (5) (6) , band topology such as quantum Hall families (7) (8) (9) (10) (11) (12) (13) (14) (15) , topological insulators (16) (17) (18) and topological semimetals (19) (20) (21) (22) , particularly Dirac and Weyl semimetals (23) (24) (25) (26) , frustrated magnetism and multiferroics (27) (28) (29) (30) (31) (32) (33) , graphene and low-dimensional van der Waals heterostructures (34) (35) (36) (37) (38) (39) (40) , among others. The manifestation of quantum effects usually needs low temperatures with suppressed thermal fluctuation. While electrical transport is often used to probe quantum phenomena, thermal transport seems to be less appreciated as it will unavoidably introduce some finite 2 temperature effects. Then, a natural question to ask: why thermal transport in quantum materials?
To address this question, it might be worthwhile to point out that although we can always perform thermal transport measurement in a quantum material, it may not necessarily tell more information beyond electrical transport measurement.
In this perspective, we limit the scope of this paper to where thermal transport can provide unique insights, with an emphasis on the emergent phenomena originated from correlation effect and topology. The total thermal conductivity tot k of a material can be written as the sum of contributions from electrons ( e k ), phonons Figure 1c ). Indeed, just like longitudinal thermal transport, which is sensitive to charge-neutral itinerant quasiparticles, here the thermal Hall effects can also be used to detect edge states carrying neither electrical charge nor spin, such as charge-neutral Majorana fermions in QSLs (44, 45) and topological superconductors (46) , as well as fractionally charged and charge-neutral edge quasiparticles in fractional quantum Hall systems (47, 48) . The Nernst effect has been employed to reveal Cooper pair fluctuations and magnetic vortices in superconductors (49) , and more recently becomes a hallmark of the nontrivial Berry curvature in topological Weyl semimetals (50-52).
Nature of quantum spin liquids
QSLs are a novel class of condensed matter phase where a strong quantum fluctuation of spin prevents the formation of any long-range magnetic ordering even at T=0 K (30). In the past decade, QSLs have attracted significant research interest, due to the a bsence of long-range spin correlation but simultaneous existence of long-range entanglement (which is in sharp contrast to a classical thermally driven disordered spin states), the exotic fractionalized, fermionic elementary quasiparticles, aka the spinons (which is in sharp contrast to Bosonic magnons in 4 ordered magnet), the manifestation of topological ordering of the ground state degeneracy with potential quantum information processing applications, and the link to demystify unconventional superconductivity (53, 54) . A small local spin S=1/2 is usually favored to allow for large quantum effect, and a key ingredient to form QSL is a means that can generate large spin frustration.
Until today, there are at least two categories of means that can realize large spin frustration: geometrical frustration and exchange frustration (Figure 2a ).
Geometrical frustration originates from a crystal lattice structure that un-favors spin alignment and inclines to have large ground-state degeneracy, such as triangular and kagome lattices in 2D, and hyper-kagome and pyrochlore lattices in 3D. In a 2D triangular lattice, the prototypical QSL candidate materials include the layered organic compound κ-(BEDT-TTF)2Cu2(CN)3 (55) and EtMe3Sb[Pd(dmit)2]2 (56), and the inorganic compounds quasi-2D YbMgGaO4 (57, 58) and YbZnGaO4. As to the 2D kagome lattice, the ZnCu3(OH)6Cl2, belonging to the Herbertsmithite structure consisting of 2D kagome lattice of Cu 2+ ions with spin 1/2, has attracted considerable interest (59, 60) . For the 3D lattices, geometrical frustration can be established by forming networks of 2D frustration units, such as triangular networks in pyrochlore and hyper-kagome lattices; the pyrochlore lattice hosts the spin-ice states (32) , which makes the search for QSL state from spin ice viable (30, 61) , while the hyperkagome lattice compounds such as Na4Ir3O8 can also host potential QSL state (62) .
With extensive research in geometrically frustrated QSL candidate materials, there is still a substantial difficulty in that the theoretical deduction of a QSL ground state from a given frustrated lattice structure has to go through a series of approximations and intuitions. A completely different avenue to achieve QSL is proposed by Kitaev (63) , which utilizes the non-commutativity of spin operators along different directions to generate frustration, moreover is exactly solvable with a QSL ground state. The candidate materials include the Na2IrO3 (64) and α-RuCl3 (44, (65) (66) (67) in a 2D honeycomb lattice, and the Li2IrO3 in 3D variants of honeycomb lattices (68), etc. 5 Given the many excellent reviews available (30, 53, 54, (69) (70) (71) and the rapidly growing literature even restricted to thermal properties (44, 65, (72) (73) (74) (75) (76) (77) (78) (79) (80) (81) (82) (83) (84) , it is hard to summarize even a small portion of the active field of QSL; however, the critical importance of thermal transport is not hard to appreciate: the hallmark signature of a QSL state is a fractionalized gapless elementary excitation, called the spinon, which can be directly observed from thermal transport (Figure 2b ). In the current context, "gap" means the energy gap between the ground state and the 1 st excited state in the many-body materials system. In conventional ordered magnet with elementary excitation of magnons (Figure 2c) , the magnon contributed thermal conductivity mgn k can be written in terms of an Arrhenius form
where M  is the magnetic energy gap magnitude. For Zeeman-split gap, we have MB gB   , in which g is the g-factor and B is the magnetic field, B  is the Bohr magneton. In the gapless spinon excitation case, the corresponding thermal conductivity spn k has a simple linear relation with T spn kT 
Since phonon-contributed thermal conductivity ph k largely obeys the Debye's model 3 ph kT  , in order to identify that whether a candidate insulating material ( 0 e k  ) may contain spinon contribution to thermal transport, we can plot tot kT as a function of T. In a candidate material with conventional magnetic ordering, there is no residual thermal conductivity in the 0 T  limit, i.e., tot kT will pass through the origin in the tot kT vs T plot (Figure 2d) ; on the contrary, in a QSL candidate, we have 
where tot kT will intercept at a finite value at T=0 K (Figure 2b) . The nonvanishing linear residual term ( 0 a  ) in the 0 T  limit can thus serve as a strong indication for the existence of spinon excitations from QSL state. 6 Despite the deceptively simple discriminator of QSL state using Eq. (5), the reality is much more complicated with constant controversy exists. That is why the term "QSL candidate" is preferred in many contexts. In fact, during the development of QSLs, there are many QSL candidates later found not to be true QSL state, such as kagome Cu3V2O7(OH)2•2H2O, triangular Cs2CuCl4, YbZnGaO4 (85) , and most recently triangular EtMe3Sb[Pd(dmit)2]2, which is shocking to some extent (Figure 2 d-g) . On the one hand, EtMe3Sb[Pd(dmit)2]2 has a large exchange coupling constant J~220-250K (as a comparison, YbMgGaO4 only has J~1.5K), indicating that even at the same absolute temperature value, the condition T<<J, which is the suitable range to identify QSL, is much easier to meet.
On the other hand, thermal transport has clearly demonstrated a large linear residual term 0 a  in EtMe3Sb[Pd(dmit)2]2 a decade ago (Figure 2d) (56) , and had been studied intensely since then. However, two very recent thermal transport experiments on the material reported a measured 0 a  (Figure 2e, f) (86, 87) , excluding the possibility of it being a QSL material. The crucial role of thermal transport to QSL is clear from these studies. It is also worthwhile mentioning that heat capacity C measurement can also show a QSL-like behavior with apparent 0 a  , (Figure 2g) 
Superconducting energy gap
In a superconductor, given the vanishing electrical resistivity where v is carrier velocity and l is the mean free path (117), it is expected that the thermal conductivity may show observable signatures below Tc.
The most useful aspect of thermal transport to superconductivity probably lies in the determination of the symmetry of the superconducting order parameter (91, 118, 119) , which is proportional to the superconducting gap function () Similar to the case of QSL where gapless state has a finite linear residual term 0 a  while gapped state has 0 a  , if we plot kT vs T at 0 T  limit, it can tell that whether the system is a gapped s-wave superconductor ( 0 a  ) or a d-wave superconductor containing gapless nodes ( 0 a  in Eq. 5), as shown in Figure 4b . The similarity of the linear-T-dependent term in both QSLs and superconductors can be understood from the Wiedemann-Franz law, but applied to spinon Fermi surface and nodes in superconductors, respectively (90, 101, 120) , where electrical conductivities become temperature independent constant. Based on this spirit, it has been shown that superconducting RbFe2As2 and Ba(Fe1−xCox)2As2 contain gapless nodes (113, 115) . It is also particularly interesting to mention that the intercept of 
Nernst hallmark of Berry curvature
Nernst effect has been studied in metals and superconductors (49) (Figure   5a) , and can develop a large signal across a Lifshitz transition where Fermi surface experiences a change of topology (121, 122) . Similar to the anomalous Hall effect, even without external magnetic field, the Nernst effect can still emerge, called anomalous Nernst effect (ANE). ANE has been extensively studied in ferromagnetic metals, however, given the direct link between ANE and the Berry curvature, it has gained significant recent theoretical (123) (124) (125) (126) (127) (128) (129) (130) (131) and experimental (50-52, 132-138) attention in the field of topological Weyl semimetals (Figure 5b) . 
where n is the band index, , n f k is the Fermi-Dirac distribution function, and , , , when Berry curvature is large (Figure 6a , the red blurred region near Weyl nodes in cases (i)-(iii)). In particular, when the chemical potential is located right at the Weyl node where Berry curvature diverges, divergent xy S can be obtained (Figure 6a , case (iii)). As a result, large ANE has been observed in antiferromagnetic Weyl semimetal Mn3Sn at order-of-magnitudes lower magnetization comparing to conventional ferromagnetic metals (Figure 6b) , moreover very large ANE signals have also been observed in ferromagnetic Weyl semimetals Co3Sn2S2 and Co2MnGa (Figure 6c ).
Summary and outlook
In 
